ABSTRACT: Treatment of oblique and spiral fractures remains challenging. The aim of this study was to introduce and investigate the new LagLoc technique for locked plating with generation of interfragmentary compression, combining the advantages of lag screw and locking-head-screw techniques. Oblique fracture was simulated in artificial diaphyseal bones, assigned to three groups for plating with a seven-hole locking compression plate. Group I was plated with three locking screws in holes one, four, and seven. The central screw crossed the fracture line. In group II the central hole was occupied with a lag screw perpendicular to fracture line, whereas holes one and seven were occupied with locking screws. Group III was instrumented applying the LagLoc technique as follows. Hole four was predrilled perpendicularly to the plate, followed by overdrilling of the near cortex and insertion of a locking screw-crossing the fracture line-whose head was covered by a holding sleeve to prevent temporarily the locking in the plate hole and generate interfragmentary compression. Subsequently, the screw head was released and locked in the plate hole. Holes one and seven were occupied with locking screws. Interfragmentary compression in the fracture gap was measured using pressure sensors. All screws in the three groups were tightened with 4 Nm torque. Interfragmentary compression in group I (167 AE 25 N) was significantly lower in comparison to groups II (431 AE 21 N) and III (379 AE 59 N), p 0.005. The difference in compression between groups II and III remained not significant (p ¼ 0.999). The new LagLoc technique offers an alternative tool to generate interfragmentary compression with the application of locking plates by combining the biomechanical advantages of lag screw and locking screw fixations. ß
Lag screw technique in combination with plating is a traditional method for reduction and fixation of oblique or spiral fractures, ensuring interfragmentary compression via screw gliding along an overdrilled near cortex slot. 1 According to the currently existing fixation techniques, locking screws are not used to exert compression. Insertion of a locking screw crossing the fracture line should therefore be avoided, since it acts as a set screw. 2 As a result, such a screw stabilizes the fracture, however, keeps a gap between the fragments and blocks micromotions at the fracture site. 3 Fracture healing is subsequently impeded and nonunion induced. 4, 5 For this reason, intraarticular fractures are first fixed and compressed by additional lag screw placement before locking plate application. Such lag screw placement increases interfragmentary compression force compared to the sole use of a reduction clamp prior to plating. 6 Combining lag screws for interfragmentary compression with locking plate fixation accelerates fracture consolidation 7 and increases overall stability of the bone-implant construct 8 in contrast to locking plate constructs without lag screw application, where bone healing could be impeded by remaining shear motions due to relative stability and unsymmetrical placement of the plate, especially in simple fractures. 9 Currently, a screw application combining the properties of conventional lag screw and locking screw fixation is still missing.
Recently, a new technique for plating, generating interfragmentary compression via locking-head screws, named LagLoc, was developed by the authors of this work. According to this technique, a gliding hole is created by overdrilling the near cortex before locking screw application across the fracture line. As a result, the locking screw does not act as a set screw, and interfragmentary compression can be achieved by its tightening using a holding sleeve on the screw driver to cover the thread of the screw head and intentionally prevent it temporarily from locking in the plate hole. After achieving fracture compression, the screw head can be released and subsequently locked in the hole. Compared to a conventional lag screw, the locking screw additionally acts as internal fixator with its inherent angular stability and can be loaded perpendicular to the screw axis.
The aim of the current study is to introduce the new LagLoc technique and compare the interfragmen-tary compression force achieved with standard locked plating, lag screw plus locked plating and the new technique in an artificial oblique fracture model, previously fixed by a reduction clamp. It is hypothesized that the interfragmentary compression forces of both the LagLoc technique and the lag screw plating technique are significantly higher compared to standard locking plating.
METHODS
Eighteen artificial diaphyseal bone specimens (generic bone model 0066, tube diameter 25 mm, canal diameter 9 mm, Synbone AG, Malans, Switzerland) were used. A 30o steotomy was created to simulate an oblique diaphyseal fracture. The specimens were assigned to three study groups with six specimens each (n ¼ 6). An electronic pressure sensor (model 5,033, TekScan Inc., South Boston, MA) was inserted in the osteotomy gap from its 30˚edge in standardized fashion for all specimens without crossing the longitudinal specimen's axis to register the interfragmentary compression force.
After reduction of the osteotomy, a seven-hole narrow straight stainless steel 4.5/5.0 locking compression plate (LCP) (DePuy Synthes, Zuchwil, Switzerland) was fixed to the bone with a point reduction forceps. In the first group, called "LCP," the plate was fixed with three 5.0 mm stainless steel locking screws in the 1st, 4th, and 7th hole. The central screw crossed the fracture line and was the first one placed without perforation of the pressure sensor. In the second group, called "Lag," a 4.5 mm stainless steel cortical lag screw was inserted in the 4th LCP hole, crossing perpendicularly the fracture line after overdrilling the near cortex with a 4.5 mm drill bit, followed by two 5.0 mm stainless steel locking screws placed in the 1st and 7th hole. The third group, called "LagLoc," was instrumented applying the LagLoc technique as follows. The 4th hole was predrilled with a 4.3 mm drill bit perpendicularly to the hole, followed by overdrilling of the near cortex with a 5.0 mm drill bit and insertion of a 5.0 mm stainless steel locking screw-crossing the fracture line-whose head was covered by a holding sleeve (DePuy Synthes, Zuchwil, Switzerland) to prevent temporarily the thread of the screw head from locking in the plate hole and thus generate interfragmentary compression ( Fig. 1) . Subsequently, the screw head was released and locked in the plate hole. Then two 5.0 mm stainless steel locking screws were inserted and locked in the 1st and the 7th hole (Fig. 2) . The LagLoc principle of oblique fracture fixation is visualized in Figure 3 .
All screws in the three groups were tightened with 4 Nm torque as controlled with the use of a torque limiter. In each study group interfragmentary compression force in the fracture gap was derived after fracture reduction and compression with a reduction clamp (step 1), directly after plate fixation with the clamp remaining on the plate (step 2), and after clamp removal with the instrumented plate remaining in place (step 3). During each instrumentation step the calculation was performed on the basis of the measured mapped pressure and its distribution over the electronic sensor's area (Fig. 4) . The overall measurement area remained the same for all specimens throughout the experiments. The interfragmentary compression force was derived as the sum of all pixelized pressure values-as measured pixel by pixel-multiplied with the area of one pixel of the electronic sensor.
Statistical analysis was performed with the use of SPSS software package (IBM SPSS Statistics, Armonk, NY). Normal distribution within each group was screened with Shapiro-Wilk test. Significant differences with regard to the interfragmentary compression force between the three groups and fixation steps were detected by means of One Way Analysis Of Variance (ANOVA) and General Linear Model Repeated Measurements tests with Bonferroni correction for multiple comparisons. Level of significance was set at p ¼ 0.05 for all statistical tests.
RESULTS
All data were normally distributed in each study group and instrumentation step Interfragmentary compression force after preliminary fracture reduction and fixation with the reduc- Table 1 ).
Interfragmentary compression force after insertion and tightening of all three screws with the reduction clamp still on the plate (step 2) in group LCP was significantly lower compared to group Lag (p ¼ 0.017). The differences in compression force in this step between group LCP and group LagLoc as well as between group Lag and group LagLoc, were not significant (p ¼ 0.088 and p ¼ 0.999, respectively).
Interfragmentary compression force after plate fixation and clamp removal (step 3) in group LCP was significantly lower in comparison to both groups Lag and LagLoc (p ¼ 0.001 and p ¼ 0.005, respectively). In addition, the difference in compression force between groups Lag and LagLoc remained not significant (p ¼ 0.999).
No significant increase in interfragmentary compression force was observed between step 1 (clamp on) and step 2 (all screws tight with clamp on) in group LCP (p ¼ 0.234, Fig. 5, Table 2 ), whereas the clamp removal (step 3) in this group (LCP) resulted in significant drop in compression force compared to step 2 (p ¼ 0.009). The final interfragmentary compression force after step 3 in group LCP (167 AE 25 N, mean AE Standard Error of Mean, SEM) was even lower than in the initial specimen's state (step 1), however, without significance (p ¼ 0.177).
In contrast to group LCP, the interfragmentary compression in group Lag and group LagLoc increased significantly between step 1 (clamp on) and step 2 (screws tight with clamp on), p 0.026, and then did not drop significantly in step 3 (clamp removal) compared to step 2, p ! 0.187 (Fig. 5, Table 2 ). The compression after final fixation (step 3) in groups Lag (431 AE 21 N) and LagLoc (379 AE 59 N) was significantly higher than in the initial specimen state (step 1), p 0.024.
DISCUSSION
The current study investigated in an oblique fracture model the interfragmentary compression achieved with conventional locking plate fixation, locking plate fixation with an additional lag screw, and the new LagLoc fixation technique. The interfragmentary compression force with the new technique was comparable to the locking plate fixation with an additional lag screw, and both these fixation techniques resulted in significantly higher compression in comparison to the conventional locking plate fixation. The LagLoc principle is based on a gliding hole, created by overdrilling of the near cortex so that the corresponding locking screw only anchors in the remote cortex and exerts compression by movement of the remote fracture fragment to the near cortex. Its compression function is comparable to a conventional lag screw, placed through a plate hole. Consequently, reduced fractures are further closed by this technique and the compression, temporarily generated with a reduction forceps, is further enhanced and transformed into permanent compression. Additionally, the LagLoc screw offers angular stability. Besides, the overdrilling of the near cortex allows an axial toggling of the screw shaft in the near cortex bone hole, which enhances a more elastic plate fixation with rather parallel axial movements of the bone fragments and reduced shear motions at the fracture site. This was not investigated in the current study, however, previous work reported that overdrilling of the near cortex fostered callus formation and bone healing in a first case series of Exemplified mapped pressure distribution measurements in the osteotomy gap of a specimen from the "LCP" study group during the three major instrumentation steps: "compression with a reduction clamp" (step 1, left), "plate fixation with the clamp remaining on the plate" (step 2, middle), and "clamp removal with the instrumented plate remaining in place" (step 3, right). distal femur fractures. 10 Therefore, those expected benefits of the LagLoc fixation, together with its potentially better overall stability, can justify the use of an additional instrument and one locking screw instead of a cheaper lag screw, compared to the locking plate technique with the use of a compression screw through a plate hole.
Recently, it has been shown for simple diaphyseal tibia fractures that additional interfragmentary compression leads to faster bone healing compared to common bridge plating with a locking plate, 7,11 since simple fractures require absolute stability to eliminate shear and torsional movements for unimpeded fracture healing. [12] [13] [14] Moreover, endosteal callus formation is stimulated by interfragmentary compression 15 and torsional stiffness is increased. 8 Using lag screws reduces implant stress in the plate since the main load portion is transferred via the bone through load sharing and repetitive plate bending is diminished during dynamic loading. 16 Recently, it has been shown that additional lag screw placement in a miniopen plating technique is not associated with a higher complication rate, especially with regard to infection. 7 The LagLoc technique can be performed in a mini-open approach or percutanously, depending on the fracture localization.
Similarly to Au et al., 6 we observed a significant drop in interfragmentary compression force for the conventional locking plate fixation after placement of the locking screws and clamp removal. This effect is negligible in comminuted fractures, where the principle of relative stability is applied, but not in simple fractures which are very susceptible to increased interfragmentary movement leading to delayed bone healing. The drop in interfragmentary compression force after conventional locking plate fixation supports previous clinical data, 7, 11 where delayed healing was observed after treatment of simple fractures with locking plate alone, despite the additional axial compression at the fracture site provided by muscle tension.
In contrast to our study, in a previous report the interfragmentary compression did not drop after elimination of the temporary plate-to-bone compression and preliminary fracture reduction during conventional locking plate fixation of tibia plateau fractures. 17 However, in this work the plates were compressed to the bone with a cortex screw at the shaft before locking screw placement at the epiphysis. 17 Depending on plate position and curvature, it is therefore advisable to use a cortex screw for proper locking plate compression onto the bone surface to minimize loss of interfragmentary compression force after locking screw placement. Comparable to our results, clamping and subsequent locked plating of tibia plateau fractures was reported to have achieved one third of the interfragmentary compression force of lag screws. 17 The LagLoc technique exhibited slightly lower compression forces compared to the conventional lag screw technique, perhaps being related to the nonorthogonal insertion of the LagLoc screw relative to the fracture plane. Even though the absolute amount of interfragmentary compression in a clinical situation is unknown and was never measured, 18 a lag screw, whether conventional or inserted by the LagLoc technique, should be placed before the locking plate fixation when the fracture morphology needs interfragmentary compression. The LagLoc technique offers an alternative tool for fragment compression combining lag screw features with angular stability.
The study has several limitations. The model was simplified to an oblique osteotomy at a shaft surrogate 
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